INTRODUCTION
============

There are many biologically active peptides, natural or synthetic, with cyclic ring structure. The ring structure can be formed by linking one end to another, by a variety of chemical bonds, including amide, lactone, ether, thioether, and disulfide. Amide bond formation between amino and carboxyl termini results in the formation of a head-to-tail (or N-to-C) cyclic peptide. Many N-to-C cyclic peptides with biological activity exist in nature. In the case of true N-to-C cyclic peptides, there is just one possible cyclization between amino and carboxyl termini and the ring structure is straightforward. If not an N-to-C cyclic peptide, the ring structure can be more varied allowing bicyclic and tricyclic peptides to exist. For example, human guanylin ([Fig. 1](#f1-bt-28-018){ref-type="fig"}) has four cysteine residues, all of which form two intramolecular disulfide linkages resulting in a bicyclic peptide ([@b19-bt-28-018]). Cyclic peptides have several beneficial properties unlike their linear counterparts. Firstly, the rigidity of cyclic peptides increases binding affinity and selectivity toward target molecules, due to a decreased entropy term in the Gibbs free energy equation ([@b8-bt-28-018]; [@b13-bt-28-018]). Secondly, cyclic peptides are resistant to hydrolysis by exopeptidase as they lack amino and carboxyl ends. Cyclic peptides can even be resistant to endopeptidases if the rigid ring structure prevents endopeptidase from accessing the cleavage site. Thirdly, some cyclic peptides show better membrane permeability and can cross the cell membrane ([@b17-bt-28-018]). Cyclosporine, an immunosuppressant, is a good example of a cyclic peptide with membrane permeability. These three properties can allow cyclic peptides to be better drug-like molecules than their linear counterparts.

In this review, we present recent progress in the field of cyclic peptides, including stapled peptides and bicyclic/tricyclic peptides. Novel applications of cyclic peptides are reported in imaging, diagnostics, improvement of oral absorption, enzyme inhibition, development of receptor agonist/antagonist, and the modulation of protein-protein interaction and protein-RNA interaction.

RECENT DEVELOPMENTS IN THE PREPARATION OF CYCLIC PEPTIDES
=========================================================

Cyclic peptide compounds have been developed through several approaches: phage display technology, split-intein circuit ligation of peptides and proteins (SICLOPPS), mRNA display, combinatorial chemistry, as well as *de novo* synthesis ([@b15-bt-28-018]). We have observed noticeable improvements in the way cyclic peptides (stapled cyclic peptides and bicyclic/tricyclic peptides) are prepared.

Stapled peptides are an emerging type of cyclic peptides ([@b10-bt-28-018]). The concept of "stapling" itself is not new, and refers to the connection of two parts of a molecule using a cross-linker ([@b46-bt-28-018]). The term tends to be used to indicate any cyclic peptides that are not N-to-C cyclic peptides. The cross-linker for stapling can be varied to improve physicochemical properties, and several cross-linking methods are available, including disulfide formation, olefin, cysteine-alkylation, and biaryl crosslinking. By varying the length, rigidity, and hydrophobicity of a cyclization linker, Lin and colleagues optimized a dengue virus NS2B/NS3 protease inhibitor ([@b22-bt-28-018]).

The use of cross-linkers extends to cyclic peptides based on phage display, allowing the formation of bicyclic peptides. The original cyclic peptides based on phage display were introduced in early 1990's. The peptide sequence -Cys-X^1^-X^2^-X^3^-X^4^-X^5^-X^6^-Cys- displayed on the coat protein of a phage particle forms a cyclic peptide in which two cysteine residues form a disulfide bond. A cyclic peptide with platelet glycoprotein binding activity could be screened from a library ([@b34-bt-28-018]). While phage display is limited to natural, ribosomal amino acids, the diversity of the phage display method (∼10^9^ different sequences) makes it an attractive approach to search for cyclic peptides with affinity toward target molecules. While the initial approach was limited to mono-cyclic peptides, bicyclic peptides can now be prepared by phage display. In theory, a phage display library with four cysteine residues would allow a bicyclic peptide as seen in the structure of guanylin ([Fig. 1](#f1-bt-28-018){ref-type="fig"}). It remains to be determined whether this 4-Cys approach could be practical. As an alternative, a recent study reported the use of chemical linkers for the generation of bicyclic peptides ([@b12-bt-28-018]). The addition of cross-linkers to the phage display peptide relieves the burden of putting four cysteine residues in the sequence, and only three cysteine residues will suffice to form a bicyclic peptide ([Fig. 2A](#f2-bt-28-018){ref-type="fig"}). In addition, when the cross-linker connects three cysteine residues, the method of building the two-ring structure can be simplified. Implementing the phage display with a cross-linker technique, the Heinis group developed bicyclic peptides binding to protein molecules such as beta-catenin ([@b3-bt-28-018]) and Notch1 receptor ([@b45-bt-28-018]).

The use of different cross-linkers improved cyclic peptides based on mRNA display. As reviewed previously, the original cyclic peptides based on mRNA display ([Fig. 2B](#f2-bt-28-018){ref-type="fig"}) were prepared by coupling an N-terminal Met residue with the side chain of a Lys residue at the C-terminal region of the peptides: two amino groups were linked together by a coupling reagent ([@b29-bt-28-018]). While the original mRNA display only used ribosomal amino acids, a shrewd modification of mRNA display ([Fig. 2C](#f2-bt-28-018){ref-type="fig"}) led to the selection of an inhibitor of protease thrombin with nanomolar affinity ([@b38-bt-28-018]). The modified mRNA display technique now includes unnatural amino acids as building blocks, and two cysteine residues are inserted in the sequence to allow a range of different cross-linkers.

THE ROLE OF CYCLIC PEPTIDES IN THERAPEUTICS
===========================================

Cyclic peptides in imaging and diagnostics
------------------------------------------

Integrin binding affinity of peptides with RGD sequence has long been documented, and cyclic peptides containing RGD have been shown to inhibit tumor growth ([@b11-bt-28-018]). For example, cyclo-RGDfV (EMD 66203, f stands for D-Phe) could promote tumor regression by inhibiting angiogenesis ([@b40-bt-28-018]). However, the result of recent clinical trial with a cyclic RGD peptide, cilengitide showed that the peptide did not improve outcome when combined with chemotherapy ([@b41-bt-28-018]). While the cyclic RGD peptide may not be a promising drug lead, the ability to bind integrin α~v~β~3~ makes it target solid tumor regions where angiogenesis is active, and the delivery of nanoparticles could be possible for either chemotherapy or cancer diagnosis. Monomeric cyclic RGD peptides ([@b2-bt-28-018]), or multimeric RGD peptides ([@b24-bt-28-018]) have been coupled to radioisotopes for diagnostic and therapeutic purposes. Efforts have been made to improve the tumor/background ratio, and several radio-pharmaceuticals based on technetium-99m (^99m^Tc), including ^99m^Tc-3P-RGD~2~, are under clinical investigation for tumor imaging using positron emission tomography ([@b51-bt-28-018]). Similarly, cyclic RGD peptide coupled iron oxide microparticles have been developed as contrast agent for imaging of angiogenic tumor using magnetic resonance ([@b28-bt-28-018]). In addition to cyclic RGD peptides, fluorescein-conjugated cyclic peptides show promise for tumor-targeted imaging ([@b39-bt-28-018]), and a fibrin-binding cyclic peptide can be used for targeting thrombosis ([@b35-bt-28-018]). Overall, cyclic peptides are under development against several targets for use in imaging and diagnostics.

Cyclization for better cell permeability and oral absorption
------------------------------------------------------------

Both linaclotide (2012) and plecanatide (2017) have been introduced since our previous review, and most of the cyclic peptides in clinical use are listed in [Table 1](#t1-bt-28-018){ref-type="table"}. Linaclotide and plecanatide are mainly used to treat chronic idiopathic constipation. These drugs stimulate the cystic fibrosis transmembrane conductance regulator (CFTR) protein by activating guanylate cyclase. The stimulated CFTR releases anions, resulting in the secretion of positively charged ions and water molecules to the gut lumen, thereby exerting a stool softening effect. Since guanylin analogs work on the guanylate cyclase on the luminal surface of gut epithelial cells, oral administration allows them to reach their site of action with no need for cellular uptake.

With the exception of cyclosporine, the route of administration for cyclic peptides listed in [Table 1](#t1-bt-28-018){ref-type="table"} is either intravenous or topical, as their membrane permeability is poor. Cyclosporine is membrane permeable owing to hydrophilic portions embedded inside the molecule through several intramolecular hydrogen bonds. Cyclic peptides that are orally absorbed in mammals are reviewed elsewhere ([@b33-bt-28-018]). It is known that simple cyclization does not make peptides membrane permeable ([@b17-bt-28-018]). However, cyclization still remains one of the strategies for improving membrane permeability. The basis for this approach is that cyclization provides the molecule with conformational rigidity and helical conformation. Hydrophobicity is also an important factor in determining cellular uptake, as demonstrated with BH3 peptide-based Mcl-1 inhibitors ([@b30-bt-28-018]). Muppidi and colleagues added a bisaryl cross-linker to BH3 peptide to improve cellular uptake and inhibitory activity. Importantly, the results showed the divergence of cellular uptake and *in vitro* activity of stapled peptides. The inhibitor activity was related to flexibility of the peptide, whereas the permeability was related to hydrophobicity. Designing inhibitors based simply on *in vitro* activity without considering cell permeability, may lead to loss of membrane permeability and affect availability of the inhibitor to the site of action.

Bicyclic peptides may also improve cell membrane permeability, compared to monocyclic peptides. The Pei group initially attempted to develop a cell-permeable cyclic peptide by inserting an arginine-rich cell-penetrating peptide sequence as a part of monocyclic peptide ([@b20-bt-28-018]). While the simple insertion of cell-penetrating peptide did not improve cell-permeability, bicyclization with the cross-linker greatly improved cell permeability. They were able to successfully deliver cyclic peptide inhibitors inside cells. Encouraged by their initial success, they screened a bicyclic peptide library for another cellular target, oncogenic K-Ras mutant protein. Protein-protein interactions were disrupted by low micromolar concentrations of the bicyclic peptide inhibitor selected from the screening ([@b44-bt-28-018]). This demonstrates the utility of cyclic peptides in disrupting protein-protein interactions inside cells, which has long been considered, a difficult if not impossible target.

Recently, Ohtsuki and coworkers screened cyclic peptide for cellular uptake ([@b50-bt-28-018]). They screened a phage display cyclic peptide library for Caco-2 cell permeation, and the phage particle was considered a macromolecular drug delivered by the cyclic peptide. The selected cyclic peptide containing DNP sequence facilitated transcellular permeability of the phage particle. Cyclic peptides with transcellular permeability would be better than cell-penetrating peptide sequences, as they would be more stable and resistant to hydrolytic enzymes when administered orally.

Receptor binding cyclic peptides
--------------------------------

Cell surface receptors are good targets for cyclic peptides. Compared to small molecules, cyclic peptides have more surface area that may be utilized for receptor binding. As cell surface receptors are displayed on the outside of the cell membrane, binding molecules need not cross the cell membrane. Binding affinity of cyclic RGD peptides toward integrin proteins has been described in the previous paragraph, and there are several other noteworthy examples. CJ-15,208 is a cyclic tetrapeptide with affinity to kappa opioid receptor, originally isolated from a fungal fermentation broth ([@b37-bt-28-018]). A tryptophan isomer of this compound synthesized by the McLaughlin group showed stereospecific antagonism for the receptor both *in vitro* and *in vivo*, suggesting possible application in maintaining abstinence from psychostimulant abuse ([@b36-bt-28-018]). Hruby and colleagues devised a cyclic peptide analog of melanocyte stimulating hormone ([@b4-bt-28-018]). Cyclization with a thioether resulted in a potent antagonist (IC~50~=17 nM) against the human melanocortin 1 receptor. Their approach yielded a receptor antagonist in addition to improved metabolic stability. This peptide could be useful as a molecular probe for the diagnosis and treatment of skin cancer.

Cyclic peptides as enzyme inhibitors
------------------------------------

The well-known immunosuppressant cyclosporine inhibits phosphatase activity of calcineurin. Either split-and-pool synthesis ([@b25-bt-28-018]) or SICLOPPS technology ([@b32-bt-28-018]) has been used to develop cyclic peptide inhibitors and natural cyclic peptides, such as sunflower trypsin inhibitor-1 (sfti-1) ([@b7-bt-28-018]). As reviewed previously, enzyme targets for cyclic peptide inhibitors are very diverse. To date, cyclic peptide inhibitors have been reported for protease, phosphatase, proteasome, HIV integrase, and dam methyltransferase, among others. A couple these of cyclic peptides inhibitors have notable functions. The first example is as contrast agent for positron emission tomography (PET) in tumor detection. The disulfide-containing cyclic peptide CTT (CTTHWGFTLC) was originally discovered as a matrix metalloproteinase inhibitor using a phage display technology ([@b16-bt-28-018]). However, the original peptide was readily degraded *in vivo*. [@b47-bt-28-018]). Liu and colleagues conjugated the stable version of the CTT peptide to the chelator NOTA (1,4,7-triazacyclononanetri-acetic acid) for labeling with ^68^Ga ([@b23-bt-28-018]). It is fascinating how the initial discovery of CTT eventually developed into a contrast agent for PET imaging. Another interesting target for cyclic peptide is dengue virus NS2b-NS3 protease. Dengue is a serious viral infection transmitted by mosquito bites, for which there exists no specific treatment. NS2b-NS3 protease is a good antiviral target, as it is required for viral maturation and infectivity ([@b21-bt-28-018]). The Tambunan group used molecular docking to screen for cyclic peptide inhibitors of NS2b-NS3, assuming cyclization would increase stability ([@b43-bt-28-018]). Similarly, a Chinese team led by Wang used a natural peptide library to screen for inhibitors of NS2b-NS3 ([@b49-bt-28-018]). Interestingly, both laboratories could observe the benefit of cyclization in several aspects of inhibitors including specificity, stability, and cell membrane permeability. Their results showed that cyclization increased the inhibitory activity by more than tenfold (K~i~ 42 vs. 2.2 μM). Other systematic approaches to improve the specificity of NS3-NS2B have been performed; the results from these studies could be helpful for developing antivirals based on protease inhibition ([@b22-bt-28-018]; [@b42-bt-28-018]).

Cyclic peptides as protein-protein interaction inhibitors
---------------------------------------------------------

Protein-protein interaction have huge therapeutic potential, and usually a small molecule drug will bind to important areas deeper within the contact surface ([@b48-bt-28-018]). Peptides have a larger surface than small molecule inhibitors, and they can bind to the surface of target proteins. To develop cyclic peptides that perturb protein-protein interactions, phage display, combinatorial chemistry, synthetic approaches, and other genetic libraries such as SICLOPPS can be used. Bang and colleagues developed a peptide-peptoid hybrid molecule called a polo-like kinase inhibitor 1 by targeting the polo-box domain. They reported that cyclization through a thio-ether bridge dramatically improved binding affinity ([@b31-bt-28-018]). As described in an earlier section, stapled peptides are cyclic peptides prepared through crosslinking. Baek and colleagues reported a stapled p53 peptide, SAH-p53-8 ([Fig. 3](#f3-bt-28-018){ref-type="fig"}), that binds Mdm2 with high affinity. They reasoned that stapling provided conformational stability to the helical structure of the original p53 peptide ([@b1-bt-28-018]). Similarly, Chang and coworkers developed a stapled peptide ASTP-7041 as a dual inhibitor of MDM2/MDMX. They observed that stapling the original linear peptide, obtained from phage display, yielded a more stable, cell penetrating, and specific inhibitor of MDM2/MDMX. ASTP-7041 showed tumor growth suppression in a xenograft cancer model ([@b6-bt-28-018]). There are many examples showing that cyclization of peptides is able to improve the stability, cell membrane permeability, binding affinity and specificity. However, i peptide cyclization is not a panacea. The Tavassoli group screened for protein-protein interaction inhibitors using the SICLOPPS cyclic hexapeptide library. Their top 3 hits all contained stop codons, implying that linear peptides are the better for their target *Bacillus anthracis* protective antigen ([@b26-bt-28-018]).

Cyclic peptides as RNA-protein interaction inhibitors
-----------------------------------------------------

As reviewed previously, cyclic peptides could be used to inhibit HIV-Tat transactivating response element (TAR) RNA, which is essential for viral replication ([@b18-bt-28-018]). In addition, RNA-protein binding can be perturbed with cyclic peptides. Manna and colleagues synthesized a cyclic peptide that mimics the part of the La protein. It inhibits the viral translation of hepatitis C virus ([@b27-bt-28-018]). GE23077, a cyclic peptide antibiotic that work on both Gram-negative and Gram-positive bacteria, inhibits the initiation of translation by disrupting the interaction between RNA polymerase and initiating nucleotides ([@b52-bt-28-018]). One cyclic peptide identified from the screening of split-intein circular ligation of peptides (SICLOP) does inhibit a virulence factor Hfq protein by blocking the Hfq-sRNA interaction ([@b9-bt-28-018]). Ternatin is a natural cyclic peptide with cytotoxic effect. The Taunton group identified translation elongation factor-1A ternary complex as the molecular target of ternatin using a photo-affinity probe ([@b5-bt-28-018]). Jagtap and colleagues developed cyclic peptide inhibitor that modulates pre-mRNA splicing by targeting U2AF homology motifs ([@b14-bt-28-018]). Overall, cyclic peptides can be used to disrupt RNA-protein interaction in diverse processes including translation initiation, elongation, pre-mRNA splicing, and viral replication.

CONCLUSION
==========

Cyclic peptides have several structural features that make them good drug leads. Now, with the use of stapled peptides and bicyclic/tricyclic peptides, researchers are able to enhance the drug-like properties by reducing the flexibility of the molecule or by adding hydrophobicity. Novel phage display and combinatorial chemistry technology have transformed to take advantage of molecular dynamics and organic chemistry. These technologies have diversified the applications of cyclic peptides and more cyclic peptides are expected to emerge.
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![Structure of guanylin. (A) Solution structure of guanylin. Alpha carbons are shown as spheres, and the disulfide bonds are shown as sticks. The model was drawn from PDB id 1gnb. (B) Amino acid sequences of guanylin and its analogs linaclotide and plecanatide. Disulfide bonds are indicated.](bt-28-018f1){#f1-bt-28-018}

![Cyclic peptide libraries. (A) Bicyclic peptide with a chemical linker connecting three cysteine residues. (B) Cyclic peptide in mRNA display with a chemical linker coupling N-terminal Met with the side chain of Lys at position 10. (C) Cyclic peptide in mRNA display with a chemical linker connecting two cysteine residues.](bt-28-018f2){#f2-bt-28-018}

![Structure of SAH-p53-8, a stapled peptide. The aliphatic staple (yellow) provides conformational stability to the peptide sequence QTF^\*^NLWRLL^\*^QN (^\*^indicates the aliphatic staple). The model was drawn from PDB id 3v3b.](bt-28-018f3){#f3-bt-28-018}

###### 

Cyclic peptides in clinical use

  **Name**                      **Activity or indication**                                  **Route of administration**    **First clinical use**
  ----------------------------- ----------------------------------------------------------- ------------------------------ ------------------------
  Bacitracin                    Antibiotic                                                  Topical use                    1948
  Vancomycin                    Antibiotic                                                  Injection                      1954
  Colistin                      Antibacterial against Gram (−) bacilli                      Topical, injection             1959
  Dactinomycin, Actinomycin D   Anticancer                                                  Injection                      1964
  Cyclosporine                  Immunosuppressant                                           Per oral, injection, topical   1983
  Eptifibatide                  Antiplatelet                                                Injection only                 1998
  Caspofungin                   Antifungal                                                  Injection                      2001
  Ziconotide                    Analgesic                                                   Intrathecal injection          2004
  Anidulafungin                 Antifungal                                                  Injection                      2006
  Linaclotide                   Irritable bowel syndrome, chronic idiopathic constipation   Per oral                       2012
  Plecanatide                   Chronic idiopathic constipation                             Per oral                       2017
